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ENERGY mQUIRED FOR I O N  PRODUCTION BY ELECTRON BOMBARDMENT 

I N  HELIUM, ARGON, AND CESIUM 

by Ronald J. Sovie and John V. Dugan, Jr. 

Lewis Re search Center 
National Aeronautics and Space Administration 

Cleveland, Ohio 

ABSTRACT 

The energy cost  f o r  ion production has been calculated f o r  op t i ca l ly  
rl 
Lo 

t h i n  atomic helium, argon, and cesium gases by comparing t h e  r e l a t i v e  proba- 

b i l i t i e s  f o r  t he  competing ine l a s t i c  processes of exc i ta t ion  and ionization. 
!A 

Results were obtained f o r  two cases: 

c ident  upon a cold neut ra l  gas, and ( 2 )  t he  in te rac t ion  of a thermal e lec t ron  

(1) a monoenergetic e lectron beam in- 

gas with cold neutrals.  Experimental exc i ta t ion  cross  sect ions were used i n  

the  helium calculations.  

determine theo re t i ca l ly  the  cross  sections needed f o r  t he  axgon and cesium 

The semiclassical  Cryzinski method was used t o  

calculations.  Results obtained by using theo re t i ca l ly  determined helium 

exc i ta t ion  cross  sect ions are compared with those obtained by using the  ex- 

perimental cross  sections. The results are presented graphically i n  p l o t s  

of ion-production cos t  (ev/ion) and ion-production rate versus electron 

energy. I n  general, t h i s  cost  decreases smoothly with increasing e lec t ron  

energy i n  the  thermal case and decreases i r r egu la r ly  with increasing elec- 

t ron  energy i n  the  beam case. A cursory ana3ysis of t he  in te rac t ion  of an 

electron beam with a plasma has been made from t h e  view-point of determining 

'I'M X-52064 
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INTRODUCTION 

I n  plasma production and heating devices, it i s  advantageous t o  know the  

net energy cost  f o r  each ion produced, t he  ion-production r a t e ,  and the  product 

of these two terms, which i s  the  net  power consumed i n  ion production. These 

quan t i t i e s  a re  needed t o  perform calculat ions on power balance and species 

continuity.  

Since there a re  many possible methods of producing and maintaining p las -  

mas, as wel l  as a wide range of operatirng pressures  and energies,  it i s  ob- 

vious t h a t  one treatment cannot completely describe the  ion-production parm-  

e t e r s  o r  cos ts  f o r  a l l  plasma devices. Two plasma-production mechanisms are  

considered herein: 

gas, and (11) a low-pressure discharge i n  which the  energy i s  added d i r e c t l y  

t o  the  electrons.  I n  both cases, the  e lec t ron  energy i s  t ransfer red  t o  t h e  

other species by co l l i s ions .  These co l l i s ions  may be e i t h e r  e l a s t i c  or in- 

e l a s t i c ,  the former r e su l t i ng  i n  gas heat ing and the  l a t t e r  i n  exc i ta t ion  or 

ionizat ion processes. The energy t ransfer red  from the e lec t rons  i s  expended 

usefu l ly  i f  the  atom i s  iogized but  i s  l o s t  i f  the  t a r g e t  atom i s  exci ted and 

r ad ia t e s  away the  exc i ta t ion  energy. 

( I )  a monoenergetic e lec t ron  beam incident  upon a neu t r a l  

If the c ross  sections for the  various i n e l a s t i c  processes are known, the 

ion-production cos t  may be determined by comparing the  cross  sect ions f o r  t he  

competing processes of excitatior? and ionization. Such cross  sect ions have 

been experimentally determined f o r  a few gases but ,  i n  general, experiment& 

values of the  i n e l a s t i c  exc i t a t ion  c ross  sect ions f o r  gases of i n t e r e s t  i n  

plasma-production devices are not ava i lab le  and calculat ions of the  ion- 

production cos ts  have not been made. The good agreement obtained between the  
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t heo re t i ca l  cross  sections calculated by using t h e  semiclassical  Gryzinski 

method (ref. 1) and those experimental cross  sections t h a t  are avai lable  in-  

dicates ,  however, t h a t  a f a i r l y  good approximation of the  ion-production cost  

can be obtained by using these theo re t i ca l  cross  sections. 

The purposes of t h i s  study w e  t o  calculate  (1) the  ion-production cos t  

f o r  case I, a monoenergetic e lectron beam incident upon neut ra l  helium, 

argon, and cesium gases, and ( 2 )  the volume-ion-production cost ,  the  ion- 

production rate, and t h e  power consumed i n  maintaining a steady-state plasma 

f o r  case 11. 

ized, op t i ca l ly  t h i n  helium, argon, and cesium plasmas, where a Maxwellian 

d i s t r ibu t ion  of free-electron energies i s  assumed. 

c ross  sect ions are used i n  both approaches. 

I n  the  latter case, the plasmas considered are p a r t i a l l y  ion- 

The theo re t i ca l  Gryzinski 

THEORY 

Assumptions and Limitations 

The ion-production cost  i s  calculated by assuming tha t  the  only im-  

por tant  losses  of f ree-electron energy occur by i n e l a s t i c  co l l i s ions ,  t h a t  

is ,  ionizat ion and exc i ta t ion  of bound electrons.  

t r o n  energy o r  temperature of i n t e r e s t  (from 2.5 t o  50 ev), t he  energy lo s s  

i n  e l a s t i c  co l l i s ion  i s  c l ea r ly  negligible since the average energy loss 

per encounter i s  s m a l l .  Furthermore, al l  electron-atom co l l i s ions  are 

assumed t o  occur with ground-state atoms. 

applicable only t o  low-pressure (No  N 10l2 t o  

op t ica l ly  t h i n  plasmas f o r  which cumulative i n e l a s t i c  impacts are improbable 

( ref .  2 )  due t o  the  short  l i f e t i n e s  of the  excited states. 

I n  the  ranges of elec- 

The results presented are 

12 Ne -N 10l1 t o  10 ), 
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The processes by which charged p a r t i c l e s  recombine may be considered 

separately i n  the ult imate power-balance calculation. 

charges a re  primarily wall-controlled, and f o r  w a l l  recombination or radia-  

t i v e  recombination, the  energy i s  considered as being l o s t  from t h e  plasma. 

Although there  may be an energy feedback t o  the e lec t rons  i n  three-body re -  

combination, t h i s  process i s  not the dominant recombination process f o r  the  

number dens i t i e s  and e lec t ron  energies considered i n  t h i s  treatment. 

The low-pressure d i s -  

Collisions between electrons and atomic ions  may be important i n  the  

ion-production-cost calculations.  Contributions of the  e f f e c t s  of including 

the  ionizat ion and exc i ta t ion  of Ar' and Cs' were therefore  included i n  t h i s  

treatment, since these are the  only ions of importance i n  the  calculat ions.  

I n  the  analysis  of the  in t e rac t ion  of a monoenergetic e lec t ron  beam 

with a p a r t i a l l y  ionized plasma, the  p o s s i b i l i t y  of generating plasma os- 

c i l l a t i o n s  must be considered i n  addi t ion t o  the  c o l l i s i o n a l  processes. 

These p o s s i b i l i t i e s  are included i n  the  discussion of t h i s  i n t e rac t ion  

given i n  appendix A. 

Development of Equations 

Monoenergetic-beam case. - I n  t h i s  section, t he  equations necessary for 

determining the  energy cost  per ion w i l l  be developed f o r  a monoenergetic 

e lec t ron  beam of energy EB incident  upon a cold neut ra l  gas. Using the  

symbols defined i n  appendix 3,  l e t  t he  normalized probabi l i ty  for exci t ing  

the  jth l e v e l  be defined as 

I- 

where Qj(%) i s  the cross  sect ion f o r  exc i t ing  the  jth atomic energy l e v e l  

* !  
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by impact with an e lec t ron  of k ine t ic  energy EB, and 

i n e l a s t i c  cross  sect ion f o r  the same electron. Similarly, t he  norma,lized 

probabi l i ty  f o r  ionizat ion by an electron with energy % i s  

Qat(%) i s  the  t o t a l  

For k ine t i c  energies of the  incident e lec t ron  such t h a t  

E j  and E+ are  the  energies of the jth excited state and the  ionizat ion 

energy, respectively,  the  energy cost  f o r  each ion  formed by the  beam i s  

% - E j  C E?, where - 

simply 

W 

with the  assumption t h a t  any excited s t a t e  produced w i l l  l o se  the  exc i t a t ion  

energy by rad ia t ion  

The calculat ion becomes more complex, however, i f  the e lec t ron  energy, 

a f t e r  the  f i r s t  i n e l a s t i c  c o l l i s i o n  

energy, s ince t h i s  e lec t ron  can s t i l l  ionize another atom. 

energy i s  s u f f i c i e n t l y  high t o  cause a maximum of two ionizations,  the  ex- 

pression f o r  'PB becomes 

% - E j ,  i s  grea te r  than the  ionizat ion 

When the  beam 

where 

j 

When a maximum of th ree  ionizat ions i s  possible, the  equation f o r  '9, i s  

ev/ion (6 )  



1 

6 

where 

Similar equations may be obtained f o r  higher beam energies by including 

addi t ional  terms i n  the  fashion of equations ( 4 )  t o  ( 7 ) .  

Electron-energy-distribution case. - I n  t h i s  section, the  in t e rac t ion  

between neutral  gas atoms and an e lec t ron  gas with a Maxwellian d i s t r ibu t ion  

of e lectron energies i s  analyzed. The theory i s  developed i n  t h e  sane manner 

as presented by Sovie. and Klein ( re f .  2 ) .  

The number of jth excited s t a t e s  produced per uni t  volume per second by 

monoenergetic e lectrons of speed Ve i s  

where the  cross  sect ions employed i n  t h i s  sect ion are expressed as a funct ion 

of e lec t ron  speed Ve. 

equation (8) becomes 

If there  i s  a d i s t r ibu t ion  of f ree-e lec t ron  energies,  

f i .  J = N,N,(Q~(v,)v,) (cm-3) (see-1) ( 9 )  

where the  brackets ind ica te  an average value over the  d i s t r ibu t ion  function. 

The t o t a l  energy expended i n  exc i ta t ion  processes per un i t  volume per second 

is ,  therefore,  

Similarly, the  number of ions produced per  cubic centimeter per  second i s  

and the  energy expended i n  ion iza t ion  processes i s  given by  
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The net  energy cost  f o r  producing singly ionized atoms (i. e., t he  volume- 

ion-production cos t )  is, therefore,  

Eion + Ej , to t  ev/ion 

o r  

The net  power consumed i n  ion  production i s  the  product of t he  ion- 

production rate and t h e  energy cost  per ion produced. I n  equation form, 

W = 1. 602x10'19 NoNe(Qion(Ve)Ve>~r 

When i n e l a s t i c  qlectron-ion interact ions a re  included i n  the  treatment, t h e  

expression f o r  'pr becomes 

ev/ion (16) 
i k 

Nion 

NO 

(pT=  
(Qion(Ve)Ve> + - (Qion(Ve)Ve> 

where i and k represent a summation over a l l  i n e l a s t i c  processes, in- 

cluding ionizat ion of the atom and singly ionized species, respectively,  

and Qion 
1 

i s  the  ionizat ion cross section f o r  the  s ingly charged species. 

Calculation of Monoenergetic and Maxwellian Averaged Cross Sections 

Cross sections. - The cross sections used i n  t h e  helium calculat ions 

were those previously employed i n  reference 2, where t h e  results of a num- 

be r  of individual  invest igat ions of helium exc i ta t ion  c ross  sect ions were 

combined t o  y i e ld  a credible  self-consistent set of helium exc i t a t ion  func- 

t ions.  These exc i ta t ion  functions were represented by empirical  equations 
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describing the cross  sect ion as a funct ion of e lec t ron  veloci ty ,  mult ipl ied 

by the  electron veloci ty  and averaged over a Maxwellian d i s t r i b u t i o n  of 

e lec t ron  ve loc i t ies  t o  obtain the  quan t i t i e s  (Q(Ve)Ve) mentioned i n  the  

preceding section. The argon and cesium cross  sect ions used i n  t h e  present  

treatment were calculated by using the  semiclassical  Gryzinski method 

( re f .  1). 

la t ed  by t h i s  method for comparison with the  r e s u l t s  i n  reference 2. 

The t o t a l  exc i t a t ion  c ross  sect ion f o r  helium w a s  a l s o  calcu- 

The Cryzinski cross  sect ion expressions were derived i n  reference 1 

i n  a c l a s s i ca l  manner with the assumption tha t  the  i n e l a s t i c  electron-atom 

c o l l i s i o n  occurs d i r e c t l y  between the  incident  e lec t ron  and a bound or -  

b i t a l  electron. The k ine t i c  energy of the  bound e lec t ron  i s  considered 

e x p l i c i t l y  i n  t h i s  treatment, and consequently, the  derived cross  sect ions 

a r e  generally more exact than those given by the  c l a s s i c a l  Bohr-momson 

expression obtained for an atomic e lec t ron  a t  r e s t  with respect  t o  the  in-  

c ident  electron. 

According t o  the  Gryzinski formulation, the  cross  sect ion f o r  an in-  

e l a s t i c  electron-atom c o l l i s i o n  with an energy loss equal t o  or grea ter  

than U i s  given by 

where 
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J i f  U + El 2 E2 

El i s  the  k ine t ic  energy of the boand electron, and E2 i s  the  energy of 

the  incident electron. 

The symbol M denotes the number of equivalent e lectrons (same prin-  

c i p a l  and azimuthal quantum number) i n  t he  outer s h e l l  of t he  t a r g e t  atom 

and serves as an e f fec t ive  probabi l i ty  f ac to r  t h a t  accounts f o r  t he  nuniber 
i 

of e lec t rons  avai lable  f o r  co l l i s ions .  For an atom with a s ingle  outer- 

shell e lectron,  the k ine t ic  energy of t he  bound e lec t ron  

the  ionizat ion potent ia l .  

El i s  equal t o  

For other atoms, however, El i s  assumed t o  be 

, equal t o  the sum of the  t o t a l  energy needed t o  remove a l l  of the  electrons 

i n  the  outer s h e l l  divided by the  number of outer-shel l  electrons.  The 

v a l i d i t y  of t h i s  a s s u p t i o n  i s  shown in  reference 3. Equation ( 1 7 )  i s  

ac tua l ly  a de f in i t i on  of the  ionization cross  sect ion when 

t h i s  case, both electrons are free a f t e r  an ionizing co l l i s ion ,  and the re  

i s  no l i m i t  on the  energy t ransfer red  t o  the  bound electron. The expres- 

sion f o r  the ionizat ion cross  sect ion is  then 

U = E+. I n  

I n  the  calculat ion of exc i ta t ion  c ross  sect ions f o r  bound electrons,  

t 
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the  arrangement of the  energy l eve l s  i n  the  atom must be considered. The 

i n e l a s t i c  exci ta t ion c ross  sect ion for an electron-induced t r a n s i t i o n  be- 

tween the  ground s t a t e  and an excited s t a t e  i s  defined as the  c ross  sect ion 

for an energy loss  r e s t r i c t e d  t o  the energy range U l  t o  Uz (see 

sketch ( a ) ) .  

- f  - 

Ground s t a t e  

( a )  

?"ne symbol U represents  t he  energy difference between the  s t a t e  t o  be ex- 

c i t e d  and the ground state, and U represents  t he  energy difference between 

the  next higher exci ted s t a t e  and the  ground state. The incident  e lec t ron  

1 

2 

abruptly "sees" the upper s t a t e  once it has enough energy t o  exc i t e  it, and, 

consequently, t h a t  l e v e l  serves as a semiclassical  l i m i t  t o  the  cross  sec- 

t i o n  function. Using the  formulation of equation ( 1 7 )  gives the  expression 

f o r  the  exc i ta t ion  c ross  sect ion of a l e v e l  at energy 

state simply as 

U1 above the  ground 

Qexc = Q ( U 1 )  - Q(U2)  ( 2 6 )  

The mean product of t h e  theo re t i ca l  cross sect ion and the e lec t ron  ve loc i ty  

integrated over a Maxwellian free-electron ve loc i ty  d i s t r ibu t ion  a t  k ine t i c  

temperature kTe i s  

"1 
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where Co is  a normalization fac tor  equal t o  (ZrrkTe)3/2(m,)1/2. 

appropriate 

pending on the  value of E2 compared with El+ U. The limits of equa- 

The 

e q r e s s i o n s  from equation (18) a re  employed de- ‘j Or Qion 

t i o n  (21)  r e f e r  t o  the  exc i ta t ion  process. 

would be in f in i ty .  

The upper l i m i t  f o r  ionizat ion 

Atomic model f o r  calculations.  - The t o t a l  i n e l a s t i c  exc i ta t ion  c ross  

sect ions f o r  ground-state atoms have been calculated by using equation (20)  

with U equal t o  the  f i r s t  exci ta t ion po ten t i a l  and U2 equal t o  the 

ionizat ion potent ia l .  This approximation of t he  t o t a l  i n e l a s t i c  cross  sec- 
1 

t i o n  has  been used i n  the  thermal-electron-gas calculations.  

The energy expended i n  each exc i ta t ion  Em is  taken as the  man energy 

between the  f i r s t  excited s t a t e  and the ionizat ion potent ia l .  This i s  a 

reasonable approximation i n  view of the inverse- square dependence of the  

exc i t a t ion  cross  section on the energy and the  high densi ty  of excited 

states near t he  continuum. 

and cesium, the  exc i ta t ion  cross  sections f o r  ce r t a in  d i sc re t e  l e v e l s  were 

I n  the  monoenergetic-beam ca lcu la t ions  f o r  argon 

determined by using equation (20) .  I n  the  region of highly excited elec- 

t ron ic  s t a t e s ,  the  energy difference between exci ted s t a t e s  is small, and 

the  c ross  sect ions f o r  the  remaining leve ls  can be very well  approximated 

as those f o r  one leve l ,  i n  a manner similar t o  t h a t  used i n  the  t o t a l -  

, exc i ta t ion  c ross  sect ion calculation. 

The energy l eve l s  used i n  t he  helium ca lcu la t ions  f o r  both cases  a re  

shown i n  f igure  1. The energy l eve l s  used f o r  the argon and cesium mono- 

energet ic  beam ca lcu la t ions  a re  shown in  f igu res  2 and 3, respectively.  For 

two l e v e l s  with near ly  iden t i ca l  energies (e. g. , t h e  6p 2Py/2,3/2 states i n  
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cesium), the cross section i s  bes t  approximated by considering the  two lev- 

e ls  as one with an energy equal t o  the  mean energy of the two, and the  next 

higher l e v e l  serves as a l i m i t  t o  t he  cross  section. 

( re f .  4 )  have used t h i s  procedure and obtained good agreement with experiment. 

Sheldon and Dugan 

I n  the  calculat ion of the  c ross  sect ions f o r  t he  cesium atom, which has 

one electron i n  the 6 s  o rb i t a l ,  t he  value f o r  El i s  the  ionizat ion po- 

t e n t i a l ,  3.89 e lectron vol t s ,  and M = l. For the  argon atom, E i s  de ter -  

mined by takine one-sixth of the sum of the  ionizat ion po ten t i a l s  of the  s i x  

equivalent e lectrons ( therefore ,  M = 6 ) ,  which gives an average k ine t i c  

1 

3p 

E = 39.4 electron vol t s ,  and the  ionizat ion po ten t i a l  i s  24.56 e lec t ron  vol t s .  

The ionizat ion of s ingly charged species may be important i n  the  cesium 

and argon calculat ions f o r  high e lec t ron  k ine t i c  temperatures and percentage 

ionization. The ion iza t ion  po ten t i a l  of Cs+ i s  2 5 . 1  e lec t ron  v o l t s  and t h a t  

of A r  i s  27.6 e lec t ron  vol ts .  The value of El f o r  C s  was approximated by 

extrapolating and averaging the  ionizat ion po ten t i a l s  of t he  s i x  e lec t rons  

i n  the  5p subshell  and was  estimated as 55 e lec t ron  vol t s .  The value of 

E f o r  the  Ar' ca lcu la t ions  i s  one-f i f th  of t he  sum of the  ionizat ion po- 

t e n t i a l s  of the f ive  3p electrons and i s  equal t o  58.5 e lec t ron  vol t s .  

+ + 

l 

RESULTS 

The ion-production cos t s  f o r  t he  monoenergetic-beam case using the 

energy l eve l s  shown i n  f igu res  1 t o  3 a r e  presented as a funct ion of beam 

energy by the so l id  curves i n  f igure  4. For the  th ree  gases, t h i s  cos t  

drops very sharply as the beam e n e r m  increases  from the  ionizat ion po ten t i a l  

. ~~ 

energy E of 51.72 e lec t ron  vol t s ,  while t he  i o l i z a t i o n  po ten t i a l  i s  1 
i 15 .75  e lectron vol t s .  For the  helium atom, with two Is electrons,  M = 2, 
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t o  a few v o l t s  above the  ionizat ion potent ia l .  

and argon atoms are  seen t o  decrease i n  a s l i g h t l y  i r r egu la r  manner as the  

beam energy i s  fu r the r  increased. 

are as one would expect from an inspection of the  atomic s t ruc ture  of the  

atoms involved. 

and f i r s t  excited s t a t e )  and lowest for  cesium (lowest ionizat ion poten- 

t i a l  and first excited s t a t e ) .  

the  determination of 

minated a t  an energy t h a t  would allow a m a x i m u m  of th ree  ionizations.  

sequently, comparison of the cos ts  for t he  three  atoms cannot be made over 

a wide range of energies. The dotted port ion of the  cesium curve w a s  ob- 

ta ined by considering only two cross  sections, the t o t a l  exc i t a t ion  c ross  

sect ion with an associated energy loss  of 2.7 e lec t ron  v o l t s  and t h e  ioni-  

zat ion cross  section. This approximation allowed the  cesium r e s u l t s  t o  be 

car r ied  t o  higher beam energies, although the  accuracy of these r e s u l t s  i s  

unknown. 

The cos t s  f o r  the helium 

The r e l a t i v e  magnitudes of the  curves 

The cost  i s  highest  f o r  helium (highest  ionizat ion energy 

Due t o  the  la rge  number of terms car r ied  i n  

cpB (eqs. ( 4 )  t o  (7 ) ) ,  the  calculat ions had t o  be ter- 

Con- 

The r e s u l t s  of the  e lec t ron  energy d i s t r i b u t i o n  ca lcu la t ions  w e  shown 

i n  f igure  5, which i s  a p l o t  of volume-ion-production cost  versus e lec t ron  

k ine t i c  temperature. The volume-ion-production cost  f o r  each of the  atoms is  

seen t o  decreasei sharply with increasing temperature up t o  about 1 2  e lec t ron  

v o l t s  and then t o  decrease slowly as the temperature i s  increased t o  50 elec-  

t ron  vol ts .  

the  to t a l - exc i t a t ion  cross  s x t i o n  for helium are seen t o  agree favorably 

with the r e s u l t s  of reference 2. A s  would be expected, the energy cost  per 

ion was g rea t e s t  f o r  helium and l e a s t  f o r  cesium. 

The r e s u l t s  obtained by using the  Gryzinski approximation f o r  



14 

I n  order t o  f a c i l i t a t e  the  use of these r e s u l t s  i n  other  calculat ions,  

such as a power balance, two addi t iona l  curves a re  presented f o r  each of t he  

gases. An ion-production-rate parameter Nion /NoNe (eq. (11)) i s  p lo t t ed  

as a funct ion of e lec t ron  k ine t i c  temperature i n  f igure  6. Figure 7 shows 

the  var ia t ion  with e lec t ron  k ine t i c  temperature of the  power consumed i n  ion 

production cp N /N N (eq. (15)).  T ion o e 
The e f f ec t s  o f  i n e l a s t i c  electron-ion co l l i s ions  on the  cp T values pre- 

sented i n  f igure  5 a re  shown i n  f igure  8 f o r  a f r a c t i o n  ionized of 10 per- 

cent i n  argon and cesium. These co l l i s ions  a re  not important up t o  abou+ 

40 e lec t ron  vo l t s  f o r  helium (ref. 2 )  and were therefore  not considered. 

The r e s u l t s  fo r  the  monoenergetic beam are  compared with the thermal results 

of the average e lec t ron  k ine t ic  temperature i n  f igure  9. The cos t s  f o r  the  

thermal case are seen t o  be considerably lower than those f o r  the  mono- 

energetic beam. 

d i s t r ibu t ion  operates i n  a region where ionizat ion i s  more probable than 

exci ta t ion.  

This r e s u l t  was expected since the  high-energy t a i l  of the  

The r e s u l t s  of t he  col l is ion-t ime comparisons a re  shown i n  f igu re  10  

for a neutral  p a r t i c l e  densi ty  of lo1' 

cent (Ne = loL1 

a f r ac t ion  ionized of 10 per- 

and an e lec t ron  k ine t i c  temperature varying from 0.5 

t o  10 electron vol ts .  

i n e h s t i c  electron-neutral  co l l i s ion  time a re  p lo t ted  versus the  

monoenergetic-electron-beam energy i n  f igure  10. 

The electron-electron energy re laxa t ion  t i m e  and the  

The growth time f o r  plasma o s c i l l a t i o n s  (considering t h e  two-stream 

i n s t a b i l i t y  analysis  ( ref .  5 ) )  has been calculated by using t h e  equation 

given i n  appendix A. For a plasma e lec t ron  densi ty  of lo1' the  growth 
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time would be of the order of 10’’ second, which i s  very much l e s s  than the  

times sham i n  f igure  10. 

p a r t i a l l y  ionized plasma mentioned above would probably have i t s  energy ran- 

domized t o  some energy d i f f e ren t  from the  beam energy and the  e lec t ron  k ine t i c  

energy of the  plasma. 

be below t h a t  f o r  a monoenergetic beam and approach the  thermal results a t  

the  average e lec t ron  k ine t ic  energy sham i n  f igure  9. 

Consequently, an e lec t ron  beam impinging on the  

The net  energy cost  per ion i n  t h i s  case would l i k e l y  

CONCLUDING REMARKS 

Theoretical  calculat ions of the t o t a l  exc i ta t ion  cross  sect ions f o r  

helium, argon, and cesium have been made by using the  semiclassical  Gryzinski 

method. These cross  sect ions have been used i n  the  ca lcu la t ion  of the  ion- 

production cos t  f o r  (1) a monoenergetic e lec t ron  beam incident upon a cold 

neut ra l  gas, and ( 2 )  a thermal e lectron gas in te rac t ing  with neutrals.  

r e s u l t s  obtained by using the  Gryzinski approximation of the  t o t a l  exci ta-  

t i o n  c ross  sect ion f o r  helium agree favorably with those obtained by using 

empirically obtained cross sect ions (ref. 2 ) .  

The 

The enerm cost  per ion formed i s  higher fo r  t h e  monoenergetic beam 

than f o r  t he  thermal e lectron gas a t  a k ine t i c  temperature equal t o  the 

beam energy. The ion-production-cost curves exhibi t  the  expected trends,  

namely, t h a t  t he  atoms with the  higher ionizat ion p o t e n t i a l  and first ex- 

c i t e d  state have the  higher cost  per ion  and t h a t  these cos t s  decrease with 

increasing e lec t ron  energy. 

The r e s u l t s  f o r  the  monoenergetic-beam analys is  are applicable f o r  a 

beam incident  upon a cold neutral  gas. 

however, the beam energy w i l l  probably be randomized by s e t t i n g  up plasma 

If the  gas i s  p a r t i a l l y  ionized, 
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osc i l l a t ions ,  and the energy cost  per ion i n  t h i s  case would be l e s s  than 

t h a t  calculated i n  the  above case. 

The electron-energy-distribution r e s u l t s  apply t o  steady-state,  p a r t i a l l y  

ionized, tenous plasmas t h a t  a r e  op t i ca l ly  t h i n  and i n  which a Maxwellian d i s -  

t r i bu t ion  of e lectron energies prevai ls .  

only a port ion of t he  power-consumption r a t e  or species-production r a t e  i n  

an ac tua l  experiment. 

combination o r  w a l l  losses ,  but these depend strongly on t h e  experimental 

configurations. 

accelerated,  o r  does work. 

The r e s u l t s  presented represent 

There w i l l  be addi t iona l  terms t o  account f o r  re-  

There w i l l  a l s o  be addi t iona l  t e r m s  i f  t he  plasma i s  heated, 
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APPENDIX A 

INTERACTION OF MONOENERGETIC ELECTRON BEAM W I T H  PAFlTIALLY I O N I Z E D  PLASMA 

An electron beam incident upon a p a r t i a l l y  ionized nonequilibrium plasma 

may i n t e r a c t  i n  a number of different  modes. 

i t s  energy d i r e c t l y  t o  the plasma neutrals  or  electrons,  but  it may a l so  i n i -  

The electron beam may t r ans fe r  

t i a t e  plasma osc i l l a t ions  or i n s t a b i l i t i e s .  If t h e  beam i n t e r a c t s  with t h e  

neutrals ,  it w i l l  ionize them direct ly ,  as i n  t h e  monoenergetic-electron-beam 

case. 

assumed t o  have a Maxwellian d is t r ibu t ion  of e lectron energies),  it w i l l  be 

thermalized with the  free-electron gas. 

If t h e  electron beam in t e rac t s  with the  plasma electrons (which are 

If plasma i n s t a b i l i t i e s  are gen- 

erated, t h e  electron beam energy q i n i t i a l l y  be randomized a t  some energy 

d i f f e ren t  from the  beam energy and the plasma e lec t ron  energy. A cursory 

ana lys i s  of an electron-beam - plasma in te rac t ion  m y  be car r ied  out simply 

by comparing (1) the  time between electron-neutral  co l l i s ion  

energy relaxat ion t i m e  for an electron-beam - thermal-electron-gas interac-  

t ion ,  and (3) the growth t i m e  f o r  plasma i n s t a b i l i t i e s .  

T ~ ,  ( 2 )  t he  

The t i m e  between 

i n e l a s t i c  electron-neutral  co l l i s ion  i s  given by the  expression 

The energy relaxat ion t i m e  f o r  electron-electron co l l i s ions  i s  taken from 

Spi tzer  (ref. 6 )  and may be wr i t ten  as 

TE = '..-..'...-j 
3 where VB i s  the  ve loc i ty  of t he  beam electrons,  A = - 3 
2e 



G(,J-) i s  a funct ion of the r a t i o  of the  beam energy t o  the f ree-  

e lec t ron  energy, as defined i n  appendix B. 

A qua l i ta t ive  analysis  of the  two-stream i n s t a b i l i t y  ( r e f .  5) indi-  

ca t e s  t h a t  the  growth time f o r  plasma o s c i l l a t i o n s  i s  proport ional  t o  the  

plasma period, therefore,  

1 
g u ,  Z a- 

P 

where LU 

re laxa t ion  time and the  electron-neutral  c o l l i s i o n  t i m e  are p lo t t ed  i n  

f igure  10, but, i n  general, T w i l l  be much l e s s  than e i t h e r  of these times. 

i s  the plasma frequency equal t o  5.64x104(Ne)1/2. The energy I? 

g 
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APPENDIX B 

SYMBOLS 

noral izat ion factor ,  (2nkTe)3/2n$/2, (ev3/') (&') 

energy, ev  

mean energy between first excited state and ionizat ion po ten t i a l ,  ev 

k ine t i c  energy of bound electron i n  Gryzinski formulas, ev 

energy of incident e lectron i n  Grgzinski formulas, ev 

ionizat ion energy, ev 

energy expenied i n  ionization processes, ev/(cm3) (sec)  

t o t a l  energy expended i n  exci ta t ion processes, ev/(cm3) (set) 

electrongc .charge, 4.8024~lO'~~ esu 

electron k ine t i c  temperature, ev 

number of equivalent electrons i n  outer shell of t a rge t  atom i n  

Gryzinski formulas 

e lec t ron  mass, 9.11X10 - 28 g 

number density,  cm -3  

ion-production rate, (cm -3 (sec-l)  

production rate of excited s ta tes ,  (cm-3) (sec-1) 

normalized probabi l i ty  f o r  exci ta t ion of jth atomic energy l e v e l  

normalized probabi l i ty  f o r  ionization 

i n e l a s t i c  cross section, cm 2 

ionizat ion cross  sect ion f o r  i ne l a s t i c  electron-ion interact ions,  cm 2 
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ine l a s t i c  cross sect ion represented as function of e lec t ron  

2 veloci ty  Ve, cm 

energy l o s s  i n  Gryzinski formulas, ev 

velocity,  cm/sec 

power consumed i n  ionization, w/cm3 

constant i n  Gryzinski calculat ions,  6 . 5 3 ~ 1 0 ~ ~ ~  (cm‘) (ev2) 

electron-neutral  c o l l i s i o n  t i m e ,  sec I 

energy re laxa t ion  time f o r  e lectron-electron co l l i s ions ,  sec 

growth time f o r  plasma. i n s t a b i l i t i e s ,  sec 

ion-production cost  f o r  monoenergetic beam, ev/ion 

volume-ion-production cost  f o r  e lec t ron-d is t r ibu t ion  case, ev/ion 

plasma frequency, sec -1 

Sub s c r i p t s  : 

B electron beam 

e electron 

ion ion 

3 jth exci ted s t a t e  

0 neut ra l  p a r t i c l e  

t o t  t o t a l  - sum of a l l  i n e l a s t i c  processes 
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Figure 1. -Energy levels used in helium calculations. 
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Figure 3. -Energy levels used in cesium calculations. 
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Figure 4. - Ion-production cost for monoenergetic-beam case. 
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Figure 5. - Volume-ion-production cost as function of electron kinetic temperature. 
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Figure 8. - Effect of electron-ion interactions on ion-production cost. 
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